Introduction
The solid oxide fuel cell (SOFC) is a viable source of energy conversion. The use of a solid electrolyte reduces problems encountered in other fuel cell technologies, e.g. corrosion and water mismanagement in molten carbonate fuel cell (MCFC) and polymer electrolyte fuel cell (PEFC), respectively. The electrolyte is an ionic conductor, which transports oxide ions formed at the cathode to the anode where they react with hydrogen and/or other gaseous hydrocarbon fuels as well as CO to form water and carbon dioxide as reaction products.
The high electrical efficiency makes SOFC technology environmentally friendly and sustainable. ND Energy, Inc. is developing a SOFC operating system while reducing cost to make commercialization practical. Tubular SOFC designs have demonstrated adequate thermal shock resistance and high mechanical strength. Sealing is not as problematic as with some planar designs and stacks can be manufactured with a relative high volume to time ratio. One shortcoming is the lower volumetric power density (1) . Interesting theoretical concepts were earlier proposed regarding the design configurations for higher power densities (2) . Novel fuel electrode, anode supported, SOFC with improved mechanical and electrochemical properties were also developed (3).
ND Energy, Inc. has developed technology for a novel micro tubular solid oxide fuel cell (MSOFC). Cell performance and the thermal shock capacity were enhanced while integrating the reformer into the stack design allowing rapid start-up times and more efficient thermal management. Although the MSOFC can operate on hydrogen, as do PEFC systems, the operating temperature of the MSOFC (in excess of 800 ºC) provides the opportunity to integrate various fuels and fuel reforming catalysts into the fuel cell stack.
For MSOFC, some critical parameters include tube length and diameter, electrode porosity, gas distribution, and cell configuration. These factors were evaluated to determine which were suitable for stack development and the results are presented in this paper. Three generations of technology are identified over a period of three years. Figure 1 illustrates the increase in total performance per cell as a function of development at ND Energy. 
Experimental

Cell Preparation
The fuel electrode was prepared by premixing nickel oxide powder, stabilized zirconium oxide powder, and a binder system to make a cermet paste. Prior to extrusion, the paste was formed into billets. The electrolyte was prepared by premixing stabilized zirconium oxide powder with a binder system then wet milling to form an ink. The air electrode was prepared by mixing lanthanum strontium manganate powder with and without zirconium stabilized oxide powder and with a binder system to form two separate inks.
The fuel electrode supports were formed by extruding the billets forming open ended tubes and were coated with electrolyte ink by dip coating and subsequent thermal treatment to attain near 100% theoretical density of the electrolyte. The thickness of the electrolyte was approximately 15 to 20 µm after sintering. Refer to Figure 2 for a cross sectional SEM image of the electrolyte on an anode support. The sintered electrolyte was masked so that portions of the electrolyte were exposed. The air electrode was divided into two functional layers. The first layer was optimized for oxygen reduction at the triple phase boundary adjacent to the electrolyte and consisted of both lanthanum strontium manganate and stabilized zirconium oxide. The second air electrode layer was optimized for electrical conduction and consisted of only lanthanum strontium manganate. The prepared inks were successively coated onto designated areas of the cell with a conventional spraying method in respective order, which were later thermally treated and annealed to the surface of the electrolyte. Figure 2 . SEM image of a stabilized zirconium oxide electrolyte in a MSOFC Current collection materials were applied to both the fuel and oxygen electrodes. Highly conductive materials dispersed in a vehicle were painted and annealed to the surface with thermal treatment. The materials were applied to reduce the contact resistance between the electrodes and current collection.
In all technologies presented in the paper, the electrolyte and the air electrode materials as well as the processing conditions were constant. The fuel electrode was optimized by adding pore former during processing to ultimately change the porosity of the conditioned fuel electrode. The effect of such additions id addressed in the results and discussion.
Electrochemical Evaluations
For conditioning, a MSOFC was placed individually into a tubular furnace with a gas stream connected to one end and open-ended on the other as the exhaust. Gaseous hydrogen was streamed through the MSOFC to reduce the nickel oxide in the anode while increasing the temperature to 800°C. Enough hydrogen was used to reduce the nickel oxide to nickel metal. A dull-grey color was observed after conditioning and testing.
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) unless CC License in place (see abstract). ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 54.70.40.11 Downloaded on 2017-10-24 to IP Electrochemical performance was evaluated by supplying gaseous streams consisting of H 2 , and/or fuel reformate with CO, CO 2 , CH 4 , to a MSOFC under isothermal conditions. The gaseous fuel was supplied and controlled by calibrated unit mass flow controllers (MKS instruments). Isothermal conditions were measured by probing thermocouples at different zones near the cell. A programmable electronic load (AMREL, model FEL-60, FEL-150) was used for applying electronic loads in constant and variable voltage modes. Profiles were created to compare the performance and efficiency at different temperatures and fuel flow rates.
Impedance measurements were performed using a combined Solartron frequency response analyzer 1252A and electrochemical interface SI 1287 from 10 mHz to 10
5 Hz under open circuit condition and current polarization condition. The porosity measurements were made with a PMI Mercury Intrusion Porosimeter.
Results and Discussion
Effect of Porosity of Fuel Electrode
Optimizing the porosity of the fuel electrode is important to maximizing the overall cell performance. The porosity of the fuel electrode for the baseline technology, represented by NDE-1A, was established and is represented in Figure 3 . 
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The optimum porosity may seem incongruent based upon the multiple functions of the fuel electrode. For example, the porosity of the fuel electrode can be increased to maximize the fuel diffusion through the electrode to the electrolyte. However, increasing particle-to-particle contact area, to a certain extent, is also important for sufficient electrical conduction from the fuel electrode to the current collection. Increasing density also maintains the mechanical strength necessary to support the thin electrolyte and entire cell.
Changes in the porosity of the fuel electrode were identified and approximately 8% increase with the porosity yielded favorable results, represented by NDE-1B in Figure 3 . The porosity of the fuel electrode was increased with an addition of a carbon-type pore former to the paste prior to extrusion. The pore former pyrolized during thermal treatment creating voids in the fuel electrode's structure. The porosity of NDE-1A and NDE-1B were measured with mercury porosimetry and results are compared in Figure 3 . Impedance spectroscopy was used to compare the total polarization resistance of the fuel electrodes with and without porosity optimization NDE-1A, and the technology with the optimized fuel electrode porosity. Results in Figure 4 show approximately 50% lower total polarization between 700 and 850°C for the MSOFC with greater porosity. 
Effect of MSOFC Diameter
Three different diameters of tubular fuel electrodes were evaluated as well as introducing optimized anode structures to some of the geometries. The combination of variables is identified in Figure 5 . The relative differences in size of the fuel electrodes represented in the Figure 5 are not to scale and do not represent actual thicknesses. The standard fuel electrode was processed with two different geometries while the optimized fuel electrode was processed with three different geometries. Figure 6 compares the percent loss of power density as a function of temperature for three different technologies. NDE-1A represents a standard fuel electrode with a standard diameter. The percent loss is reduced approximately 12% at 800° C and at a constant load of 0.56V when the anode porosity is optimized represented by NDE-1B. The percent loss of power density is further reduced to approximately 17% when the fuel electrode's diameter is reduced, represented by NDE-1C. 
Standard fuel electrode
Reformate Effect on Different Cell Technologies
As discussed in the above sections, ND Energy has developed novel MSOFC technologies that exhibit high efficiencies, particularly using the reformate generated from partial oxidation (POX) reactions. A comparison of the performance of different cell technologies fueled by hydrogen and a gaseous reformate generated from propane partial oxidation is shown in Figure7. The power generated per cell has been improved by 2.8 times on a generation 2 SOFC technology and by 5.6 times on a generation 3 SOFC technology. A comparison of power output from SOFC stacks (with similar geometries) using reformate streams generated from POX reforming of hydrocarbon fuel is shown in the figure. It can be noticed that the overall power output decreases compared to hydrogen on all stack configurations except for one (ND-D). ND-A,B,C are based on generation 1 cell technology consisting of > 30 cells/stack. ND-D and ND-E represent stacks (<25 cells) built upon generation 2 technology with extensive three phase boundary and geometry optimization. ND-E is a "lighter" version of ND-D stack but with 30% less active surface area. It can be noticed that the overall power output decreases compared to hydrogen on all stack configurations except for ND-D. This lower performance can be expected because of the dilution effect of nitrogen in the reformate stream. The remarkable performance of the stack built on ND-D cell technology is in part due to extensive cell geometry optimization leading to more efficient fuel conversion and higher power densities.
Conclusions
Many efforts are ongoing at ND Energy to develop anode supported micro tubular solid oxide fuel cells suitable for stacking and increasing total power output to make viable, environmentally friendly energy solutions. Materials and different cell geometries were evaluated through three identified generations in a period of three years to optimize energy-conversion efficiency in a stack using multiple types of fuels.
